SiO 2 -coated Fe nanoparticles were synthesized using a wet chemical method, and their structural and magnetic properties were studied. The SiO 2 material was in an amorphous state. The Fe nanoparticles were in a bcc state and contained an inner ferrihydrite core whose size decreased with increasing calcination temperature. The nanoparticles were basically in the ferromagnetic state. Their saturation magnetization increased with increasing calcination temperature, whereas their coercivity decreased with increasing calcination temperature. Different from bulk Fe, the nanoparticles exhibited strong temperature-dependent magnetic behaviors. The Bloch exponent fell from 1.5 to smaller values and decreased with increasing ferrihydrite content, while the Bloch constants were much bigger than that for bulk and increased significantly with ferrihydrite content. The value of coercivity decreased notably with increasing temperature. The exchange anisotropy arising from the exchange coupling across the Fe/ferrihydrite interfaces was examined and was used to interpret the observed temperature behaviors.
I. INTRODUCTION
Studies on protective layer-coated ferromagnetic nanoparticles are of great interest for both fundamental magnetic investigations and practical engineering applications. In fundamental studies, the coated nanoparticles are of interest as the coating prevents the nanoparticles from coarsening, surface oxidation, and agglomeration. In clinical applications, the coating protects the nanoparticles from leaching in an acidic environment. In soft magnetic applications, the coating not only works as an insulate phase to achieve high electric resistivity, but also behaves as a binder to ease the consolidation of the nanoparticles.
While a considerable amount of research has been conducted on the preparation, structure, and magnetic properties of Fe nanoparticles in the past decade, most of them focused on the Fe nanoparticles without any protective coatings. [1] [2] [3] [4] [5] Recently, there is a little research devoted to Fe nanoparticles coated with protective shells. Srikanth et al. synthesized polymer-coated Fe nanoparticles by microwave plasma polymerization and studied their switching and magnetic anisotropy fields. 6 Blackwell et al. prepared SiO 2 -coated Fe nanoparticles by high-energy ball milling and investigated their switching mechanism. 7 We have recently used a wet chemical technique to synthesize SiO 2 -coated Fe nanoparticles and studied their structural and magnetic properties, including the influences of calcination temperature on structure and magnetization, the temperature dependence of saturation magnetization and coercivity, and the exchange anisotropy arising from ferromagnetic/ferrimagnetic exchange coupling. The experimental results for this study are reported in this article.
II. EXPERIMENT
A wet chemical method 8, 9 was used to synthesize SiO 2 -coated Fe nanoparticles. Iron nitrate and tetraethoxysilane were mixed in alcohol with controlled pH and temperature to form precomposite precipitates in solution. The alcohol was then removed by evaporation at elevated temperature. A further drying process was performed in an oven to obtain precomposite powder. The precomposite powder was then calcined in the presence of a reducing agent to form the SiO 2 -coated Fe nanoparticles. The Fe content in the synthesized nanoparticles was found to be dependent mainly on the precomposite composition and the calcination temperature. In this article, the nanoparticle samples were prepared by using the same precomposite but different calcination temperature. The volume fraction of Fe in the samples was targeted at 50%. The structure of the synthesized nanoparticles was determined by powder x-ray diffraction ͑XRD͒ using Cu K ␣1 radiation. Morphology was analyzed using high-resolution a͒ Author to whom correspondence should be addressed; electronic mail: yzhang@uconnvm.uconn.edu transmission electron microscopy ͑HRTEM͒. Magnetic properties were studied using a Quantum Design superconducting quantum interference device magnetometer.
III. RESULTS AND DISCUSSION
Five nanoparticle samples listed in Table I are discussed in this article. The HRTEM studies revealed that all of the as-synthesized nanoparticles had a core/shell structure: the core was Fe and the shell was amorphous SiO 2 . A typical HRTEM image for sample T900 is presented in Fig. 1 , where the inner Fe core and the outer SiO 2 shell are clearly distinguished. The XRD patterns of five samples are shown in Fig.  2 . As can be seen, all of the diffraction patterns match only the bcc Fe structure and show no peaks for Fe-oxide or crystal SiO 2 . From the linewidth of the main peak around 44.6°C, the mean size for the Fe nanoparticles was estimated according to the Scherrer formula. The estimated results are given in Table I . It is evident that all of five nanoparticle samples had similar sizes. This indicates that, during the calcination, the SiO 2 coating had the ability of hindering the coarsening of the Fe nanoparticles, even at a temperature as high as 900°C.
The magnetization curves measured at 300 K for five samples are shown in Fig. 3 . The specific saturation magnetizations measured at 5 K are summarized in Table I . It can be seen from Fig. 3 and Table I that the magnetization increased with the increasing calcination temperature. This result can be explained by the incomplete conversion from ferrihydrite to Fe during the synthesis procedure. Our previous MWssbauer spectroscopic and x-ray diffraction studies indicated that: ͑1͒ the precomposite powders contained mostly ferrihydrite nanoparticles with SiO 2 coating and ͑2͒ the calcination procedure caused a gradual conversion from ferrihydrite to Fe. A detailed discussion of the ferrihydriteto-Fe conversion was given elsewhere. 10 Considering that conversion, the as-synthesized nanoparticles should have an inner ferrihydrite core if the ferrihydrite had not been completely converted to Fe. It is obvious that the higher the calcination temperature, the more complete the conversion of ferrihydrite to Fe. Consequently the nanoparticles calcined at higher temperature had smaller ferrihydrite core and exhibited higher magnetizations. It should be noted that there is no trace of ferrihydrite in all of the XRD patterns, this is because the Fe atoms, which had a high x-ray absorption coefficient, shielded the inner ferrihydrite core. Besides, it is also evident from Fig. 3 that all of five samples almost saturated at a magnetic field of 20 kOe, and the saturation magnetization for sample T900 was close to the expected value for Fe 50 /(SiO 2 ) 50 implying the near complete conversion from ferrihydrite to Fe.
A typical temperature dependence of zero-field-cooled magnetization ͑ZFCM͒ and field-cooled magnetization ͑FCM͒ for sample T500 is shown in Fig. 4 . Before the measurements the nanoparticle sample was cooled in zero field from room temperature to 5 K. Then a magnetic field of 100 Oe was applied and the ZFCM was measured with increasing temperatures from 5 to 350 K, after which the FCM was measured in the same applied field with decreasing temperatures from 350 to 5 K. Figure 4 shows an irreversibility 2 . X-ray diffraction patterns for samples T500, T600, T700, T800, and T900.
FIG. 3. Magnetization curves measured at 300 K for samples T500, T600, T700, T800, and T900.
between the ZFCM and FCM and exhibits no superparamagnetic relaxation behavior. This indicates that sample T500 was basically in the ferromagnetic state. The ZFCM and FCM experiments for other four samples generated the same results. That is to say, all of five samples exhibited ferromagnetic behaviors. However, some smaller particles might be superparamagnetic, because the ZFCM and FCM were sensitive to larger particles. The variations of saturation magnetization as a function of temperature for five samples are shown in Fig. 5 and are found to obey Bloch's law
where b is the Bloch exponent and B is the Bloch constant. The values of b and B for bulk Fe were reported to be 1.5 and 3.3ϫ10
, respectively. 3 The values of b and B for five samples were obtained by fitting the measured data to Eq. ͑1͒ and were given in Table II . As shown in Table II , the synthesized nanoparticles exhibited a stronger dependence of magnetization on temperature than bulk Fe. The Bloch exponent of all five samples fell from 1.5 to smaller values and decreased with increasing ferrihydrite content, while their Bloch constants were significantly bigger than that for bulk Fe and drastically increased with increasing ferrihydrite content. There are two reasons for those behaviors. One is that the nanoparticles have a high fraction of surface atoms and the fluctuation of surface moments is much larger than that of interior moments. Another reason lies on the presence of inner ferrihydrite cores and their magnetic transition from ferrimagnetic to superparamagnetic with increasing temperature. Similar behaviors have been observed early in Fe-oxide/Fe shell/core nanoparticles 1 and Co/Co-oxide shell/core nanoparticles. 11 Figure 6 shows the measured coercivities over a temperature range from 5 to 350 K for five samples. It is evident that the lower the calcination temperature was, the higher coercivity the nanoparticles exhibited. This result can be explained by the presence of the exchange anisotropy, which arose due to the exchange coupling across the Fe/ferrihydrite interfaces. The nanoparticles calcined at lower temperature had larger Fe/ferrihydrite interfaces because of containing larger ferrihydrite cores. As a result, they exhibited higher exchange anisotropy leading to higher coercivity. This explanation is supported by the measurement result of exchange field given in Fig. 7 , where a notable increase of exchange field with decreasing calcination temperature was evidently shown. The exchange fields in Fig. 7 were taken from the shifts of field-cooled loops, which were measured after a cooling from 350 to 5 K under a magnetic field of 55 kOe. The exchange anisotropy arising from ferromagnetic/ ferrimagnetic exchange coupling was also observed in nanostructured materials. [12] [13] [14] Size effect is believed to be another reason for the earlier-mentioned behavior. Although five samples had similar sizes as shown in Table I , the effective Fe particle size in the samples calcined at lower temperature was smaller than that in the samples calcined at a higher temperature, due to the presence of ferrihydrite core. Smaller Fe particles exhibited higher coercivity according to the following equation:
where D is particle size and a and b are constants. Equation ͑2͒ is experimentally found for multidomain particles. As the most of the Fe particles in the samples were believed to have multidomain structure and obeyed Eq. ͑2͒. Figure 6 also reveals that all five samples exhibited a strong dependence of coercivity on temperature: the value of coercivity decreased notably when the temperature increased. One reason for this behavior is that some small particles underwent a magnetic transition from ferromagnetic to superparamagnetic as the temperature increased from low temperature to room temperature. Another reason is that the exchange anisotropy vanished at higher temperature as the ferrihydrite core underwent a transition from ferrimagnetic to superparamagnetic with increasing temperature. The disappearance of exchange anisotropy at higher temperature was confirmed by the measurement of exchange field versus temperature. Figure 8 shows the variation of exchange field as a function of temperature for sample T500, which was measured after a field cooling from 350 K to the measurement temperature under 55 kOe. It is evident that, as the temperature increased from 5 K, the exchange field decreased with temperature and finally vanished around 150 K. It is noticed that there is a pronounced decrease in exchange field over 5 -50 K as shown in Fig. 8 , which partially account for the significant coercivity decrease of sample T500 over 5-50 K.
IV. CONCLUSION
SiO 2 -coated Fe nanoparticles were successfully synthesized using a wet chemical method. The Fe was in a bcc state and the SiO 2 was in an amorphous state. Due to incomplete reaction the synthesized nanoparticles had an inner ferrihydrite core, and the size of the ferrihydrite core decreased with increasing calcination temperature. The nanoparticles were basically in the ferromagnetic state, and their magnetic properties depended strongly on calcination procedure. As the calcination temperature increased, the saturation magnetization increased, whereas the coercivity decreased. Different from bulk Fe, the nanoparticles exhibited strong temperature-dependent magnetic behaviors. The Bloch exponent fell from 1.5 for bulk Fe to smaller values and decreased with increasing ferrihydrite content, while the Bloch constants were much larger than that for bulk and increased drastically with ferrihydrite content. The value of coercivity decreased notably with increasing temperature. Such temperature behaviors were successfully interpreted by the magnetic transition of small Fe particles, the magnetic transition of ferrihydrite cores, and the presence of the exchange coupling across the Fe/ferrihydrite interfaces. FIG. 7 . Exchange field for the synthesized nanoparticles vs calcination temperature. Prior to the measurements, the samples were cooled from 350 to 5 K under a field of 55 kOe.
FIG. 8. Exchange field vs temperature for sample T500. Prior to the measurements, the samples were cooled from 350 K to the measurement temperature under a field of 55 kOe.
